Introduction
============

Metabolic syndrome (MS) is defined by physiological, biochemical, clinical, and metabolic changes that directly increase the risk of diabetes and cardiovascular mortality ([@B01],[@B02]). These include atherogenic dyslipidemia, hypertension, glucose intolerance, a proinflammatory state, and a prothrombotic state ([@B03]). Higher socioeconomic status, sedentary lifestyle, and high body mass index (BMI) are also strongly associated with the increasing prevalence of MS ([@B04]). Moreover, diet plays an important role in maintaining health and preventing cardiometabolic dysfunctions. Diets high in sugars, saturated fats, and with high ratios of polyunsaturated fatty acids are associated with MS development in humans and animal models; however, the causal relationship between diet and health remains elusive ([@B05]-[@B09]).

In fact, several studies have shown that the large increase in fructose consumption in the last several decades has paralleled the increase in obesity rates ([@B10],[@B11]). In this context, fructose overload in drinking water or chow has been used to promote metabolic, hemodynamic, structural, and functional derangements in animals. This MS model has been used by our laboratory ([@B12],[@B13]) and others ([@B09],[@B14]-[@B16]) to elucidate the various aspects of obesity, dyslipidemia, and insulin resistance associated with autonomic changes.

Intraocular pressure (IOP) is the only known modifiable risk factor for primary open-angle glaucoma, and it has been associated with cardiometabolic risk factors such as type II diabetes, systemic hypertension, and concurrent atherosclerotic disease ([@B17]-[@B19]). In addition, MS and other insulin resistance-related features (e.g., hepatic steatosis), increased left ventricular mass, and proteinuria have all been strongly associated with high IOP ([@B20]). Although the relationship between cardiometabolic risk factors and increased IOP is now well established, IOP has not yet been studied in a model of fructose overload-induced MS.

Growing evidence demonstrates that exercise training (ET) promotes beneficial effects in cardiovascular and metabolic diseases, such as MS ([@B21]). Furthermore, evidence continues to accumulate that beginning an exercise regimen helps prevent open-angle glaucoma, most likely due to the IOP-lowering effects of ET in sedentary individuals. However, the effects of ET on IOP and the underlying mechanisms in a fructose overload-induced MS model remain poorly understood. Thus, the aim of this study was to investigate whether moderate ET performed during 10 weeks on a high-fructose diet can prevent metabolic, hemodynamic, and autonomic changes, as well as increased IOP in male Wistar rats. To our knowledge, this is the first study to address this issue.

Material and Methods
====================

Animals
-------

Experiments were performed in adult male Wistar rats (240-260 g) from the Animal House of the Faculdade de Medicina, Universidade de São Paulo, São Paulo, SP, Brazil. Prior to the study, rats were fed standard laboratory chow and water *ad libitum*. The animals were housed in collective polycarbonate cages in a temperature-controlled room (22-23°C) under 54-55% humidity with a 12-h dark-light cycle (light 7:00 am to 7:00 pm). The experimental protocol was approved by the Animal Care and Use Committee of the Faculdade de Medicina, Universidade de São Paulo, and this investigation was conducted in accordance with the 8th edn. of the National Research Council Guide for the Care and Use of Laboratory Animals. The rats were randomly assigned to three groups of 7 animals each: sedentary control (C), sedentary fructose (F), and trained fructose (FT).

ET and fructose drinking
------------------------

All experimental groups were adapted to the treadmill (10 min/day, 0.3 km/h) for 1 week. The animals underwent a maximal treadmill exercise test to determine aerobic capacity and ET intensity at the beginning of the experiment (initial evaluation) and after completion of the ET protocol (final evaluation). ET was performed on a motorized treadmill at low intensity (50-70% of maximal running speed) by the FT group for 1 h a day beginning at 6:00 pm, 5 days a week for 10 weeks ([@B12]). At the beginning of the ET protocol, the F and FT groups received fructose overload via dilution of D-fructose in the drinking water (100 g/L) for 10 weeks. Control animals received regular water during this period ([@B12]).

Obesity parameter
-----------------

The Lee index for each animal was calculated after 10 weeks of the ET protocol and fructose overload to obtain the obesity parameter. This index was calculated as the cube root of body weight (g) × 10/naso-anal length (mm), and a value equal to or less than 0.300 was classified as normal at the third month of life. Rats with values higher than 0.300 were classified as obese ([@B12]).

IOP measurements
----------------

A TonoPen XL (Mentor, USA) tonometer was used to assess IOP in conscious, non-sedated rats as described previously ([@B22]). IOP evaluation was performed 24 h after the last exercise session, and assessed by an operator who was blinded to the group. Animals were wrapped in a small towel and held gently, with one operator holding the animal and another taking the readings. In a single measurement, five IOP readings were obtained from each eye by using firm contact with the cornea and omitting readings obtained as the instrument was removed from the eye. The differences among readings were less than 10% (standard error). The mean of the five readings was recorded as the IOP for that eye.

Cardiovascular assessments
--------------------------

One day after IOP measurements, two catheters filled with 0.06 mL saline were implanted into the femoral artery and femoral vein of rats that were intraperitoneally (*ip*) anesthetized with ketamine and xylazine (80 and 12 mg/kg, respectively). Twenty-four hours later, an arterial cannula was connected to a strain-gauge transducer (Blood Pressure XDCR; Kent Scientific, USA), and arterial pressure (AP) signals were recorded over a 30-min period in conscious animals by a microcomputer equipped with an analog-to-digital converter board (WinDaq, 2 kHz, DAT-AQ, USA). The recorded data were analyzed on a beat-to-beat basis to quantify changes in mean AP (MAP) and heart rate (HR) ([@B13]).

Rate constant for blood glucose disappearance
---------------------------------------------

One day after blood pressure recording, the blood glucose values of all animals were measured after a 4-h fast with a glucosimeter (ACCUCHEK Advantage, Roche, Switzerland). The rats also underwent an intravenous insulin tolerance test (ITT) after a 2-h fast. Animals were anesthetized with thiopental (40 mg/kg body weight, *ip*), and a drop of blood from the tail was collected to measure blood glucose. This procedure was performed at baseline and 4, 8, 12, and 16 min after insulin administration (0.75 U/kg). The rate constant for blood glucose disappearance (KITT) was calculated using the 0.693/t1/2 formula, and the blood glucose half-time (t1/2) was calculated from the least-squares regression slope of the blood glucose concentration during the linear phase of decline ([@B12]).

Systolic blood pressure variability
-----------------------------------

Systolic AP (SAP, systograms) was obtained from blood pressure records. Fluctuations in SAP were further assessed in the frequency domain by means of autoregressive spectral estimation. The theoretical and analytical procedures for autoregressive modeling of oscillatory components have been described previously ([@B13]). Briefly, the SAP series derived from each recording were divided into 300 beat segments with a 50% overlap. The spectra of each segment were calculated via Levinson-Durbin recursion, and the order of the model was selected according to Akaike\'s criterion, with the oscillatory components quantified in low-frequency (LF, 0.2-0.6 Hz) and high-frequency (HF, 0.6-3.0 Hz) ranges ([@B13]).

Statistical analysis
--------------------

Data are reported as means±SE. After confirming that all continuous variables were normally distributed using the Kolmogorov-Smirnov test, statistical differences between groups were obtained by one-way analysis of variance (ANOVA) followed by Student-Newman-Keuls post-tests. Pearson\'s correlation was used to study the association between different parameters. All tests were 2-sided, and the significance level was established to be P\<0.05. Statistical calculations were performed using SPSS version 20.0 (IBM Corp, USA).

Results
=======

Exercise capacity and morphometric and metabolic evaluations
------------------------------------------------------------

ET promoted an increase in exercise capacity as evaluated by maximal running speed; the mean value for the FT animals was higher (1.8±0.05 km/h) compared to the C (1.2±0.04 km/h) and F (1.2±0.03 km/h) groups.

The morphometric and metabolic data are reported in [Table 1](#t01){ref-type="table"}. Body weight, Lee index, and KITT were impaired in F rats compared to C rats. It should be stressed that FT prevented these impairments; similar values were found compared to C animals. On the other hand, glycemia was increased in both the F and FT groups compared to the C group ([Table 1](#t01){ref-type="table"}).

IOP measurements
----------------

As shown in [Figure 1](#f01){ref-type="fig"}, IOPs in the left ([Figure 1A](#f01){ref-type="fig"}) and right ([Figure 1B](#f01){ref-type="fig"}) eyes were higher in the F group than the C group. Similarly, ocular perfusion pressure (OPP) was increased in F rats compared to C rats for both the left ([Figure 1C](#f01){ref-type="fig"}) and right ([Figure 1D](#f01){ref-type="fig"}) eyes. Importantly, ET prevented IOP and OPP increases in FT rats.

![Intraocular pressure (IOP) and ocular perfusion pressure (OPP) in the left (*A* and *C*) and right (*B* and *D*) eyes. Data are reported as means±SE. F: sedentary fructose; FT: trained fructose. \*P\<0.05 *vs* sedentary control (C) (one-way ANOVA followed by Student-Newman-Keuls post-test).](1414-431X-bjmbr-48-04-00332-gf001){#f01}

Cardiovascular and autonomic evaluations
----------------------------------------

Direct measurements of AP demonstrated that the F group exhibited increased SAP, diastolic AP (DAP), and MAP compared to the C group. Ten weeks of ET were sufficient to attenuate the increases in these values in the FT group, which remained similar to those of the C animals. Resting HR values were similar among the groups ([Table 2](#t02){ref-type="table"}).

In addition to hemodynamic data, we evaluated SAP variability. F animals displayed increased SAP variance ([Figure 2A](#f02){ref-type="fig"}) and LF band of SAP variability ([Figure 2B](#f02){ref-type="fig"}) compared to C animals. Again, these impairments were prevented by ET.

![Variance of systolic arterial pressure (VAR SAP) and low frequency (LF) band in experimental groups. Data are reported as means±SE. F: sedentary fructose; FT: trained fructose. \*P\<0.05 *vs* sedentary control (C) (one-way ANOVA followed by Student-Newman-Keuls post-test).](1414-431X-bjmbr-48-04-00332-gf002){#f02}

Correlation analysis
--------------------

Positive correlations were found between SAP variance and right OPP (r=0.56, P=0.01) and left OPP (r=0.72, P=0.007). Correlations were also found between the LF band of SAP and the right IOP (r=0.57, P=0.01) and left IOP (r=0.64, P=0.003). MAP positively correlated with left IOP (r=0.79, P=0.001). Regarding metabolic parameters, a negative correlation was noted between KITT values and right IOP (r=-0.55, P=0.01) and left IOP (r=-0.62, P=0.005).

Discussion
==========

The main finding of the present study lies in the fact that metabolic, IOP, AP, and peripheral autonomic alterations promoted by a high-fructose diet can be attenuated by simultaneous ET. Additionally, maintenance of IOP levels was associated with the preservation of peripheral autonomic modulation and metabolic parameters in experimental animals. To our knowledge, this is the first study to demonstrate the preventive effect of ET on the increase in IOP induced by fructose overload in rats.

MS induced by fructose overload in animals is characteristically accompanied by moderate hypertension and glucose intolerance and is associated with increased levels of plasma insulin, cholesterol, and triglycerides ([@B12],[@B13]). In the present investigation, chronic fructose consumption promoted changes in body composition, as demonstrated by the increases in body weight and Lee index, and led to metabolic disturbances, as demonstrated by the decrease in insulin sensitivity and increased glycemia. These data corroborate previous findings published by our group ([@B12],[@B13]).

ET has been considered a key component in the treatment of patients with MS because regular physical exercise can promote metabolic and cardiovascular adaptations. In fact, a recent meta-analysis demonstrated that dynamic ET is associated with favorable effects on most cardiovascular risk factors associated with MS (e.g., BMI, waist circumference, total cholesterol, and triglycerides) ([@B23]). Furthermore, it is known that regular exercise improves glycemia, lipid profile, and insulin sensitivity while promoting weight reduction and improving muscle glucose uptake ([@B24]). In the present study, ET was able to attenuate increases in body weight and Lee index and prevent insulin resistance in trained rats consuming high levels of fructose. The fact that ET was carried out during fructose overload might account for enhanced energetic demand and lipolysis, which could prevent weight gain and also contribute to improved insulin sensitivity.

Animal studies have shown strong associations between high fructose intake and the onset of arterial hypertension. In line with our previous findings ([@B12],[@B13]), the present study demonstrated that 10 weeks of fructose overload led to increased SAP, DAP, and MAP in rats. Several candidate mechanisms have been suggested including the association between AP and insulin resistance. In this sense, our study emphasized the role of increased sympathetic nervous system activity as a possible factor leading to the observed changes ([@B25],[@B26]).

In the present investigation, we observed increased peripheral sympathetic modulation in the F group compared to the C group. Bunnag et al. ([@B14]) previously demonstrated *in vivo* and *in vitro* that impaired vascular responses in fructose-fed rats may be associated with adaptation to increased sympathetic nervous activity, or be a compensatory response to other structural or functional changes that produce hypertension in this MS model. Data obtained by Kamide et al. ([@B16]) in fructose rats suggested that hyperinsulinemia may have an important role in promoting left ventricular hypertrophy by activating the local renin-angiotensin system and sympathetic activity. Additionally, high levels of fructose consumption exacerbated impairment of metabolic parameters and cardiac autonomic control, by reducing vagal tone and baroreflex sensitivity and increasing sympathetic nerve activity with additional insulin resistance in rats ([@B12],[@B13],[@B27],[@B28]).

In addition to these hemodynamic and autonomic data, we also evaluated IOP and OPP in experimental animals. In the present study, 10 weeks of fructose overload induced an increase in intraocular pressure and OPP in F rats. The mechanism underlying the association between MS and IOP increase remains to be clarified. In humans, a recent study of 4875 men participating in the Korean National Health and Nutrition Examination Survey (2008-2010) demonstrated that increased IOP was positively correlated with BMI, systolic blood pressure, fasting blood glucose, triglycerides, low-density lipoprotein cholesterol, and insulin resistance after adjusting for all covariates ([@B19]).

In fact, it seems that each of the components of MS appears to contribute to increases in levels of IOP ([@B29]). Higher IOPs in obesity are likely due to excess intraorbital fat tissue, higher blood viscosity, and an increase in episcleral venous pressure, all of which consequently decrease the outflow facility ([@B30]). Systemic hypertension may trigger excessive production of aqueous humor, increasing the episcleral venous and ciliary arterial pressures ([@B31]). Additionally, elevated blood glucose can lead to autonomic dysfunction and a disturbed osmotic gradient, with subsequent fluid shift into the intraocular space, both of which are associated with elevated IOP ([@B32]).

Regarding these associations, we observed significant correlations between KITT values and OPP (in both eyes), as well as between parameters of SAP variability (VAR SAP and LF of SAP) and OPP (in both eyes). In fact, it was previously demonstrated that sympathetic acceleration of MAP by phenylephrine induced surges in IOP and ocular pulse amplitude ([@B33]).

On the other hand, clinical and experimental evidence has highlighted the blood pressure-lowering effects of aerobic endurance exercise in patients with hypertension. Indeed, a significant reduction in sympathetic neural activity has been reported as one of the main mechanisms accounting for the favorable effects of exercise on blood pressure control ([@B34],[@B35]). The effects of physical activity on IOP have been reviewed by Risner et al. ([@B36]) and, more recently, by Roddy et al. ([@B37]). According to these reviews, a reduction in IOP occurs immediately or shortly after exercise, and patients with higher fitness levels have decreased IOPs and lower risk of glaucoma than patients with lower physical fitness levels ([@B38]).

The mechanisms underlying the exercise-induced lowering of IOP remain to be fully understood; however, some candidate mechanisms have been proposed including lower norepinephrine concentrations, increased colloid osmotic pressure, co-action of nitric oxide and endothelin after exercise, and the association with a β2-adrenergic receptor gene polymorphism ([@B36],[@B39],[@B40]). The present study provides the first evidence that ET is capable of preventing increases in IOP and OPP in rats on a high-fructose diet, and the potential underlying mechanisms include improved insulin sensitivity, reduced MAP, and diminished peripheral sympathetic modulation.

Although some limitations of the present study should be addressed (e.g., the lack of functional and molecular data for the cardiovascular and ocular systems and the absence of a control trained group), our observations led us to conclude that ET may be an effective tool in preventing metabolic abnormalities, as well as AP and IOP increases promoted by a high-fructose diet in rats. We also observed that ocular benefits in response to ET were associated with peripheral autonomic improvements despite the consumption of a high-fructose diet. Thus, by preventing an increase of peripheral sympathetic modulation, other structural and functional changes in the eyes of subjects with metabolic syndrome may be improved, highlighting the importance of autonomic benefits of ET in this pathological condition.
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